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ABSTRACT 

Estradiol-17B has been shown to stimulate glucose 
transport, measured by phosphorylation of 2-deoxyglucose, and 
stimulate DNA synthesis, as measured by 3H-thymidine 
incorporation, In rat uterus in vivo. Attempts to demonstrate 
these responses in uterine cells in primary culture and in 
uterine tumor cells In culture have been unsuccessful. These 
observations led to the hypothesis that some responses to 
estradiol are mediated through the local action of peptide 
factors. Acid extracts of rat, bovine and rabbit uterus 
stimulated glucose transport and DNA synthesis in uterine 
tumor cells and in primary cultures of rat uterine cells. The 
stimulation of glucose transport was of the same magnitude 
(1.5-to 3.0-fold) and followed the same time course (maximum 
stimulation at 2-3 h) as estradiol stimulation in vivo. Uteri 
from estradiol treated rats contained 4 times more glucose 
transport-stimulating activity as did control rat uteri. The 
activity was acid and heat stable, was inactivated by trypsin, 
but not removed by dextran-coated charcoal treatment. The 
activity eluted in 6-12 kDa range on Sephadex G-50. DNA 
synthetic activity in rat uterine homogenates was elevated 3-
fold within 18-24 h after estradiol injection and remained 
elevated with subsequent Injections. The growth-promoting 
activity was acid and heat stable, was reduced by trypsin but 
not reduced by treatment with dextran-coated charcoal. Gel 
filtration showed molecular weight heterogeneity with activity 
eluting at MW 10,000-30,000. The effect of purified growth 
factors on DNA synthesis in primary cultures of rat uterine 
cells was examined. Epidermal growth factor (EGF), basic 
fibroblast growth factor (bFGF), and transforming growth 
factor-B (TGFB) had no effect on 3H-thymidine incorporation 
under optimal conditions of incorporation. Relaxin and 
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multiplication stimulating activity (MSA) demonstrated a 
stimulatory effect only at high concentrations, 207% of control 
at 100 |ag/ml and 175% of control at 100 ng/ml, respectively. 
Insulin stimulated incorporation 350% at 100 ng/ml, insulin­
like growth factor-l (IGF-I) stimulated incorporation 300-400% 
at 10-100 ng/ml, and platelet-derived growth factor (PDGF) 
stimulated incorporation 450% at 3 units/ml. When the positive 
effectors (insulin, IGF-I, MSA, and PDGF) were analyzed either 
combined or individually in the presence of uterine extract, the 
level of stimulation was greater than the maximum stimulation 
observed with extract alone and approached that seen with 10% 
serum. Uterine extracts from estradiol treated and control rats 
were analyzed for IGF-I by radioimmunoassay. IGF-I was 
elevated 500-1000% in estradiol treated extracts relative to 
control levels. In summary, estradiol increases the growth-
promoting activity and glucose transport-stimulating activity 
of uterine extracts. IGF-I was a positive stimulator of DNA 
synthesis in primary uterine cultures and was elevated in 
uterine extracts. This growth factor may be involved in the 
stimulation of DNA synthesis In rat uterus by estradiol. 
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CHAPTER I 
INTRODUCTION 

Early studies on the mechanism of estrogen action 
concentrated on seeking a primary event induced by this 
hormone. Observations of uterine hypertrophy and hyperplasia 
as a result of exposure to follicular hormones were reported as 
early as 1924 (1,2). Since then, investigators using a variety of 
techniques have reported a large number of responses to 
estrogen. This has resulted in a detailed account of estrogen-
induced uterine effects with respect to time after hormone 
exposure (3). 

The entire estrogen stimulated growth process Is 
characterized by a sequential stimulation of protein, DNA and 
all classes of RNA. Some estrogen stimulated responses include 
induced glucose (4-7) and amino acid transport (8), induced RNA 
polymerase I and II activities (9,10), and induction of enzymes 
such as ornithine decarboxylase (11) and glucose-6-phosphate 
dehydrogenase (4). The sequential nature of estrogen action 
results in the division of early and late responses with early 
responses reflecting the cells' need for increased energy and 
metabolites. The late response is characterized by a general 
increase in protein, RNA and DNA synthesis and cell division 
(12,13). It Is assumed that estrogen interaction in the nucleus 
stimulates a cascade of events which eventually result in DNA 
synthesis and cell division in the uterus. However, the specific 
estrogen induced biochemical events that are required to 
stimulate DNA synthesis have yet to be defined. 

Discovery of a high-affinity receptor (14) for estradiol and 
its translocation to the nucleus (15,16) were key events In 
elucidating the molecular mechanism of estrogen action. It is 
now generally accepted that estradiol diffuses through the cell 
membrane and combines with the intracellular receptor. 
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2 
Initially the receptor was thought to reside in the cytoplasm; 
however, recent studies employing immunological (17) and cell 
fractionation (18) techniques have provided evidence that 
unoccupied receptor is found in the nucleus. Regardless of 
receptor location, it remains clear that hormone binding to its 
receptor causes an activation and transformation that is 
characterized by physical changes in the receptor protein 
(19,20). Once activated, the hormone-receptor complex becomes 
associated with specific regions of chromatin and DNA. The 
nuclear binding leads to transcription of specific genes and 
translation of specifically induced proteins (21,22). This model 
of hormone action is consistent with many observed responses 
and Is supported by a large amount of experimental evidence. 

In spite of the advances In the understanding of the 
mechanism of steroid hormone action, many of the aspects of 
estrogen regulation are still not well characterized. Although 
receptor binding and enhanced transcription are certainly 
involved, other aspects of regulation are just beginning to be 
understood. Of particular interest for this dissertation is the 
role of autocrine/paracrine peptide factors in estrogen induced 
responses (23). The work described herein is concerned with 
the role of peptide factors in two estrogen induced responses: 
the stimulation of glucose transport and the stimulation of DNA 
synthesis. These responses are discussed in greater detail 
below. 

The ability of estrogen to stimulate uterine glucose 
metabolism has been known for many years. Barker and Warren 
(4) demonstrated a biphasic pattern of glucose utilization with 
an initial peak at 2 h after estradiol administration that returns 
to control levels by 6 h and a second rise at 12-24 h. Hexose 
monophosphate pathway enzymes and hexokinase were constant 
in amounts until 4-6 h after estradiol administration. The 
authors suggested that the biphasic nature of glucose 
utilization may represent more than one mechanism of estradiol 



regulation and that the early peak of glucose utilization may 
reflect an estradiol effect on glucose transport while the later 
peak may reflect increased synthesis or Increased activity of 
glucose metabolizing enzymes. 

Glucose uptake is mediated by facilitated diffusion and is 
regulated by a variety of hormones, envlromental factors and 
metabolic conditions (24). The glucose transporter protein from 
human red blood cells has been purified and functionally 
reconstituted in artificial systems (25,26). Rat uterine glucose 
transporter protein is of similar molecular weight as human 
erythrocyte transporter protein and antibodies raised against 
the human erythrocyte transporter crossreact with the rat 
uterine form (6). Thus the proteins are believed to be similar. 

Evidence supporting an estradiol effect on glucose 
transport was provided by several investigators (27,28). They 
reported a 2-fold increase in the initial rate of 3-0-
methylglucose uptake after estradiol administration. Smith and 
Gorski (29) reported the same effect of estradiol on glucose 
transport using radiolabeled 2-deoxyglucose. Both reports 
indicated that the estradiol effect on glucose transport is 
characterized by an increase in Vmax with no change in Km. More 
recent studies by Meier and Garner (5), utilizing rat uterine 
plasma membranes, have confirmed the kinetic effect of 
estradiol on glucose transport. In addition, by employing 
radiolmmunologlcal techniques, they have shown the effect of 
estradiol is not a result of alteration In the amount of glucose 
transporter protein. This would suggest the estradiol effect is 
a result of intrinsic regulation of glucose transporter activity. 

In order to investigate the Intrinsic regulation of glucose 
transporter protein, an in vitro model using rat uterine cells in 
primary culture or hamster uterine carcinosarcoma cells in 
culture was employed. When the culture system was exposed to 
estradiol, using a variety of conditions and concentrations, no 
stimulation of glucose transport was consistently observed. 
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The differences between the observations of the estradiol 
effect in vivo and the effect in vitro represented a paradox that 
had previously been observed with another estrogen end point, 
i.e., DNA synthesis. 

The rat uterus has proven to be an excellent animal model 
to study the effect of 173-estradiol on DNA synthesis. Previous 
studies have shown that rats, 20 days or older respond to a 
single injection of 17B-estradiol with increased uterine wet 
weight (1.6-fold), Increased RNA content (2.1-fold) and an 
increased rate of 3H-thymidine incorporation into DNA (2.0-
fold). 

Time course studies (30) of 3H-thymldine incorporation 
after a single injection of estradiol show a detectable increase 
at 18 h, a peak at 24 h and eventual decline to control values at 
32-36 h. Estradiol-induced DNA synthesis (31) is observed most 
in the uterine epithelial tissue with mitotic Indices of 100-
tol 50-fold. Labeling in the stroma and myometrium is much 
less with values 10-fold control. Uteri of rats less than 20 
days old show no increase in uterine DNA synthesis even though 
estrogen receptors are present and capable of being 
translocated to the nucleus. The latter observation indicates 
that a complete system for estrogen stimulation of DNA 
synthesis and uterine growth may require more than hormone 
and a translocatable receptor (30,31). 

Estradiol stimulation of DNA synthesis in immature rats 
has been correlated to long term nuclear retention of hormone-
receptor complexes (32-34) and characteristic effects on RNA 
and DNA polymerases. Short acting estrogens such as estriol 
and 16-alpha-estradiol are as effective as 17B-estradlol in 
stimulating early uterotrophic responses but are unable to 
stimulate uterine growth at 24h. The absence of uterine growth 
by estriol correlates to its short residence time in the nucleus 
(35) and the inablitiy to sustain activation of RNA and DNA 
polymerases (36,37). 
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Administration of hormone and evaluation of in vivo 
responses has expanded our understanding of the mechanism of 
estrogen induced DNA synthesis. However, In vivo approaches 
are limited in number and scope of experimental permutations. 
Therefore researchers have attempted to establish In vitro 
conditions to test estrogen effect on uterine cells in a tissue 
culture environment. The results have been conflicting and 
disappointing. 

Primary cell cultures prepared from rat uterus have been 
shown to contain receptors that specifically bind estrogen and 
are translocated to the nucleus (38-40). Reports of estrogen 
responsiveness in cultured uterine cells result from estrogens 
ability to stimulate such actions as membrane alterations 
(39,41), induction of specific uterine protein (IP) (42), Induction 
of alkaline phosphatase activity (43), and induction of 
progesterone receptor (44). However, when DNA synthesis or 
cell proliferation as a result of estradiol action is analyzed, the 
results are conflicting (40,41,45-51). Cultures from other 
estrogen responsive tissues such as vaginal and mammary 
tissue have not provided a clearer picture of the mitogenic 
action of estrogen (52-55). Human breast cancer cells, 
established in clonal cell lines, have shown a direct 
proliferative response to physiological doses of 17B-estradiol 
in vitro but only In the presence of a low concentration of 
steroid-free serum (56-59). 

The ability of estradiol to stimulate glucose transport LQ 
vitro was tested in primary cultures of rat uterus and in 
hamster uterine carcinosarcoma cells. No effect of estradiol 
could be demonstrated. Organ cultures of rat uterus treated 
with estradiol gave the same lack of transport stimulation. 

When considering the evidence of estrogen action in various 
target tissues in vitro, there appears to be a paradox that is 
best explained (assuming a competent and functional receptor 
system) by the existence of undefined factors that are either 



not present in culture or are so diluted by the surrounding media 
that their role in estrogen stimulated responses such as glucose 
transport and DNA synthesis is obscured. 

Several theories have been expounded to explain the 
discrepancy between in vivo and in vitro observations. A model 
of negative control (60,61) has been proposed which states that 
proliferation is a constitutive and dominant property of all 
cells. Under physiological conditions cells are inhibited from 
entering the proliferative phase of the cell cycle and that 
estrogen induces the secretion of factors that cancel the 
inhibition by either a direct or Indirect mechanism. 

Positive control of cell proliferation (62-64) is described 
by the existence of factors that are produced in a variety of 
tissues in response to estrogen and act through an endocrine 
mode to stimulate cell proliferation. A variation of the positive 
control model (65,66) depicts regulation of cell growth through 
the autocrine and/or paracrine action of growth factors 
secreted from the cell or surrounding tissue. The secretion of 
growth factors are under steroidal regulation. 

Positive control of cell proliferation addresses the 
possibility that there is a substance or substances which are 
secreted by the uterus in the presence of estradiol. This 
substance(s) could then activate glucose transport and initiate 
DNA synthesis. It could be a novel peptide or peptide normally 
associated with the uterus or other tissue. However, for the 
substance(s) to be considered an intermediate In estrogen 
responses, the following criteria would have to be 
demonstrated: 1) it must be found In estrogen responsive 
tissues, 2) it must appear in these tissues in increased 
amounts after treatment with estrogen, 3) it must be secreted 
into the appropriate space (blood or interstitial fluid, 4) it 
must mediate estradiol actions in appropriate cells both jn vitro 
and in vivo, and 5) it must have receptors on responsive cells 
with the appropriate specificity. The goal of the research 
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described herein was to determine if the uterus responds to 
estradiol by producing a substance(s) that can act as an 
intermediate in stimulating glucose transport and DNA 
synthesis and to Identify and characterize the substance(s). 

Estrogen-induced growth factor activity has been found in 
crude homogenates of rat uterus, liver and kidney (67,68). 
Reports from a variety of sources suggest that multiple factors 
are associated with the mitogenic property of crude uterine 
homogenates (69-73). In addition, many peptide factors that 
stimulate DNA synthesis in cultured cells also stimulate 
glucose transport. 

Studies on a variety of cultured animal cells (chick embryo 
fibroblasts, SV-40 transformed 3T3 cells, mouse embryo 
fibroblasts) have provided evidence that Increases in the rates 
of glucose uptake are correlated with increases in the rates of 
cell proliferation. Some of these studies have shown that 
density dependent inhibition of growth is accompanied by a 
decrease in glucose uptake (74), and that the initiation of 
proliferation in quiescent fibroblasts by serum (75), proteolytic 
enzymes (76) and insulin (77) brings about a rapid Increase in 
glucose uptake. Also, cells transformed by chemicals or viruses 
(78) show increased glucose uptake in relation to untransformed 
cells. 

Although increased glucose transport is normally 
associated with Increased cell proliferation, it is neither 
necessary nor sufficient for initiation of cell division. 
Glucocorticoids added to density-inhibited 3T3 cells result in 
increased proliferation with a decrease in glucose transport 
(79). Conversly, addition of low levels of fresh serum to 
density-inhibited 3T3 cells leads to a maximal increase in 
glucose transport with no effect on DNA synthesis (80). 
Cytochalasin B, an inhibitor of glucose transport, prevents 
stimulation of glucose transport but does not effect stimulation 
of DNA snythesis (81). 
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Taken together, the results suggest that although the rates 

of glucose transport are correlated with DNA synthesis, the two 
responses are not coupled and not necessarily initiated by the 
same set of molecular events. It is possible that in the uterus, 
the factors that stimulate glucose transport have no effect on 
DNA synthesis and vice versa. 

Evidence for a role of paracrine/autocrine factors in 
hormone mediated responses is provided from studies of 
estrogen regulated tissue such as granulosa cells and estrogen-
dependent breast tumor cells. Conditioned media from breast 
cancer cells exposed to estradiol contain elevated levels of 
several growth factors Including platelet-derived growth factor 
(PDGF) (82), and transforming growth factor-B (TGF-B) (83,84). 
TGF-B has an inhibitory achon on epithelial cells and its 
secretion is depressed after estradiol treatment. Insulin-like 
growth factor I (IGF-I) is secreted from breast cancer cells and 
initially showed no hormonal regulation (84) but recent evidence 
suggests estradiol induction of IGF-I in breast cancer cells (85). 
The ovarian follicle, whose growth is regulated by 
gonadotropins and estradiol, has been shown to secrete growth 
factors. Porcine granulosa cells secrete IGF-I in response to 
estradiol stimulation in vitro (86,87). In addition, granulosa 
cells have been shown to secrete basic fibroblast growth factor 
(bFGF) (88) and are regulated by TGF-B produced in the 
surrounding theca cells (89). The role of steroid hormone in the 
latter two observations has not been investigated. 

Growth factors act to stimulate cell proliferation, hence 
the term "growth factors," however, they may stimulate other 
cellular processes, such as glucose transport. Regulation of 
glucose transport In non-uterine cells by a variety of growth 
factors has been reported. Insulin and IGF-I stimulate glucose 
transport In Sertoli cells (90). EGF (91), PDGF (92) and TGF-B 
(93) stimulate transport in 3T3 fibroblasts. 
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In other mammalian cells such as BALB c/3T3 fibroblasts, 

the effect of growth factors on the cell cycle has resulted In 
the identification of a competence factor and a progression 
factor. In GQ arrested 3T3 cells, PDGF induces a state of 
competence so that cells may respond to a second set of growth 
factors (progression factors). Among them are epidermal 
growth factor which promotes competent cells to progress to 
the G Q / G I boundary and IGF-I which allows them to traverse Gi 
phase (94). It is not known if growth factors effect mammary 
tumor and uterine epithelial cells with a similar effect on the 
cell cycle; however. In breast cancer cells, estradiol shortens 
Gi duration and promotes Gi to S phase transition resulting in 
more and faster turnover of estradiol stimulated cells per cell 
cycle (95). 

Perhaps the most convincing evidence for estradiol 
regulation of growth factors and their involvement in glucose 
transport and DNA synthesis comes from Investigators who have 
partially replaced estrogens effect with preparations of growth 
factors. MCF-7 breast tumor cells are completely dependent on 
estrogen for tumor formation in athymic mice. Conditioned 
media from MCF-7 cells treated with estradiol was used as a 
source of growth factor activity and was implanted in 
ovariectomized athymic mice. Then MCF-7 cells were implanted 
in mammary fat pads of each animal. Highly concentrated 
conditioned media was nearly as effective as estradiol in 
inducing tumor formation (96). Another in vivo study measured 
the effect of TGF-B on mammary gland growth and development. 
TGF-B is inhibitory for growth of mammary epithelium and its 
secretion is decreased in estradiol treated MCF-7 breast tumor 
cells (84). TGF-B was implanted in front of mammary gland end 
buds and its effect on gland growth and development was 
histologically examined. TGF-B implants had a local inhibiting 
effect on mammary gland end bud growth (97). The implication 
is that estradiol, by depressing TGF-B secretion, releases the 
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developing mammary gland from growth inhibition. A third 
study focuses on the relationship of uterine cell types and their 
responsiveness to estrogen. Uterine epithelial cells lose their 
estrogen responsiveness in vitro. However, when uterine 
epithelial cells are added to stromal elements and grown as 
grafts on the renal capsule of intact animals, they regain their 
estrogen dependency and normal morphology (98). In the 
neonatal rat, epithelial cells which are devoid of estrogen 
receptors can be stimulated by estrogen to synthesize DNA. The 
interpretation is that the proliferative response of the 
epithelium is a result of trophic factors produced outside the 
epithelial cells probably by the mesenchymal cells (99). 

In summary, it is clear that estrogen causes a stimulation 
of glucose transport and DNA synthesis In uterine cells in vivo 
and that certain events associated with estrogen binding 
(nuclear retention and induction of polymerases) are required 
for a proliferative response to be realized. It is also clear that 
in vitro uterine cells require more than estrogen binding to 
become responsive to certain end points. Ample evidence exists 
for the involvement of growth factors in estrogen stimulation 
of cell proliferation, but what is lacking is a clear picture of 
which factors are involved, what cellular events they effect and 
how they are regulated by estrogen. 



CHAPTER II 
STIMULATION OF GLUSCOSE TRANSPORT 

BY UTERINE EXTRACTS 

Introduction 
Glucose transport is regulated in reproductive organs by 

estradiol (8, 27) and certain other hormones (100). In addition, 
insulin (101), Insulin-like growth factor (90), epidermal growth 
factor (91), transforming growth factor-B (93), follicle 
stimulating hormone (102), and platelet-derived growth factor 
(92), stimulate glucose transport in a variety of non-epithelial 
tissues. The involvement of these factors in the regulation of 
glucose transport In uterus has not been fully Investigated. Nor 
is it clear how steroid hormones and peptide factors may 
interact in their regulation of the transport process. But it is 
clear that glucose transport plays a pivotal role in providing 
energy for cellular growth responses to hormones and growth 
factors. 

Most studies of glucose transport regulation by estradiol 
have been performed in vivo with rats. But because of certain 
limitations of the in vivo model, an in vitro model was sought 
which could allow manipulations not otherwise possible. 
However, estradiol regulation of glucose transport in uterine 
organ strips in culture, or in uterine cells in culture, has not yet 
been demonstrated But it has been observed that aqueous 
extracts of uterus from several species contain one (or more) 
substance(s) which can stimulate glucose transport. Results 
described in this section involve the characterization of this 
response and determination of its role In the action of estradiol. 

11 
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Materials and Methods 

Animals 
Sprague-Dawley rats were obtained from Small Animal 

Supply Co., Omaha, NE (USA), at 160-180 g. Ovariectomy was 
accomplished through a dorsal incision while the rats were 
under light ether anesthesia. Animals were not used until 3 
weeks after surgery. 

Materials 
Estradiol-17B, Dulbecco's Modified Eagle (DME) Medium 

(powdered form, containing 1 mg/ml glucose), Dulbecco's 
Phosphate-Buffered Saline without calcium or magnesium (PBS), 
fetal bovine serum (FBS), amphotericin B and gentamycin sulfate 
were obtained from Sigma Chemical Co., St. Louis, MO (USA). 
Sera were treated twice with dextran (0.05%) and charcoal 
(0.5%) for 1 h at 37° before use. Frozen rabbit uterus and bovine 
uterus was obtained from Pel-Freeze, Rogers, AR (USA). Tissue 
culture flasks, dishes and pipettes were obtained from Falcon or 
Corning. [^H]-galactose (25 Ci/mmol) and [^H]-2-deoxyglucose 
(58 Ci/mmol) were obtained from ICN Radiochemicals, Irvine, 
CA (USA). Sephadex G-50 standard proteins, obtained from 
Sigma Chemical Co., were blue dextran (mol wt > 2 x 10^), 
carbonic anhydrase (mol wt 29 kDa), cytochrome c (mol wt 12.4 
kDa) and aprotlnin (mol wt 6.5 kDa). Other reagents were 
obtained from usual sources at the highest grade available. 

Cell Culture 
Uterine carcinosarcoma (UCS) cells, isolated from 

estrogen-induced tumors in the Syrian hamster (103), are 
believed to have arisen in the stroma and were provided kindly 
by Dr. D.A. Sirbasku, University of Texas Health Sciences Center 
at Houston, TX (USA). Stock cultures were stored in liquid 
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nitrogen. Working cultures were grown in 75 cm^ culture 
flasks, removed with trypsin (1 mg/ml) and EDTA (1 mM) in 
isotonic phosphate-buffered saline (PBS) having no calcium or 
magnesium. Cells were then plated in 24-well culture dishes (5 
X 10^ cells per well) for 2 days in DME medium containing 2.2 g 
NaHCOs, fetal bovine serum (10% v/v), gentamycin sulfate (50 
mg/l) and amphotericin B (2.5 mg/l). Medium was then changed 
to DME medium without serum for 2 days. Each well contained 
about 1 x 1 0 ^ cells and about 2.7 |ig DNA. All cultures were 
grown in 6% CO2. Stock cultures were replaced from frozen 
stocks approximately every 4 months. Cultures were checked 
monthly for mycoplasma contamination by the fluorescent DNA 
stain method of Hessling et al. (104). 

Rat Uterine Cells in Primary Culture 
Uterine cells from ovariectomized rats were prepared as 

described by Muller and Wotiz (38) except that 2.5 mg/ml colla-
genase was used instead of 1 mg/ml. Cell viability, measured 
by exclusion of trypan blue was typically 90% although plating 
efficiency was low. Cultures were washed with medium 
containing 10% fetal bovine serum after 24 h and grown in this 
medium for 4 days. After the 4th day, the cells were washed 
with DME without serum and kept in this medium for up to 2 
days before glucose transport measurement. Cells were 
typically fibroblast-like with colonies of epithelial-like cells 
interspersed throughout. The epithelial-like cells disappeared 
from the culture by day 4. Cells which persisted for longer than 
4 days are believed to be mainly of myometrial origin. The cells 
contained receptors which could bind estradiol (approximately 
10 fmol estradiol bound per ^g DNA) throughout the culture 
period. The estradiol binding could be prevented by the presence 
of unlabeled diethylstilbestrol, tamoxifen or nafoxidlne but not 
by uterine homogenates. Cells could be cultured for at least two 


